Abstract.
The objective of this study was to develop recommendations for an optimal design of F"I AClDC converters. The paper presents a comprehensive comparison of the two commonly used rectifier topologies in a piezoelectric transformer (PT) based power converters: current doubler and voltage doubler rectifiers. The advantages and disadvantages of the two rectifiers were investigated and the area of their applications with respect to output current, voltage, power capability, load resistance etc. -was delineated. Generic principles are proposed for choosing a PT for a given set of requirements, i.e. output voltage, input voltage and load resistance, as well the rectifier type suitable for the given PT and application. Simulation and experimental results support the theoretical study and are found to he in a good agreement with the analysis. I. biTRODUCTION As Piezoelectric Transformer (PT) technology is developing, PTs may become a viable alternative to electromagnetic transformers in various applications such as power converters. Hence, the problem of optimal PT converter design becomes an important issue that needs to be addressed.
Two main types of rectifiers are generally applied at the output of PT ACDC converters: the voltage doubler (VD) ( It is obvious that for high currents and low voltages (low resistance load) the CD rectifier is a superior choice, whereas for high voltages and low currents (high resistance load) the VD rectifier is a better choice. The problem is, however, that the load regions between these two rectification schemes are not well defined. This paper presents a comparative analysis of PT based power converters that apply these types of rectifiers. The objective of the study was to develop guidelines for optimal design of PT based ACDC converter. The comparison methodology, applied in this study, follows the concept of representing the output capacitor of PT and the rectifier sections by an equivalent circuit [l-31. The equivalent circuit is linear and is composed of a parallel RC network that loads the PT as the corresponding rectifier does [4, 5] . The study uses the earlier generic analysis and generic characteristics of PT [61 together with the proposed comparative analysis of the two types of rectifiers for developing the generic model of PT ACDC power converter.
THE COMPARATIVE CIRCUITS AND THE COMPARISON PRINCIPLES
It is assumed that both converters are operated at the maximum output voltage mode, that is, at the frequency that produces the maximum output voltage. As was shown earlier [6] , the frequency of maximum output is different from the mechanical resonant frequency. The principle of operation of the VD rectifier when operating at the maximum output voltage mode was studied in [4] and is further developed in the present work. Current doubler rectifier operating at the mechanical resonant frequency of PT was studied by number of investigations [1, 5] while the present work studies its operation at the maximum output voltage mode.
In order to generalize the model of the PT converter we apply in this study the following normalized parameters:
Normalized load factor:
Qm=llw,CrR,
Normalized PT factor:
PT mechanical quality factor:
where RL is the load resistance, R,,,-L,-Cr-C, are the parameters of the equivalent circuit of PT; n is the PT's 0-7803-7754-0/03/$17.00 02003 IEEEtransfer ratio; and or = I/= is the mechanical resonant frequency of the PT. compared in the study are presented in Fig. 2 . The parameters The current and voltage waveforms of the rectifiers that are \-, marked in Fig. 2 are defined as follows: S = w t is the normalized time, is the operating frequency, e is the duration of the VD rectifier input current pulses, h is the duration of the CD rectifier input voltage pulses (i.e. the pulses of the output capacitor voltage).
The output voltage of the PT in both converters includes
This presentation is used in the followings to obtain generalized expressions for the efficiency, power relationships, voltage ratio etc. in a similar form for the two converters. All expressions are normalized and apply per unit system. high harmonics components, whereas the current waveform 2.1, VOLTAGE DOUBLER RECTIFIER within the PT equivalent circuit is assumed to he sinusoidal due to the high quality factor of the resonant circuit. Consequently, power transfer to the output is affected only by the fundamental harmonic component. For that reason, both Following [4] , the duration of the impulses of the diodes' currents is e (Fig. 2-a) : rectifiers could he studied by the same fundamental harmonic
method. In both converters we replace the output capacitor of &OR, the PT and the loaded rectifie; by an equivalent parallel network C,,-&, (at the secondary side of PT). In the case of ideal lossless rectifies these parameters are derived kom:
where Vco(l)pk is the peak of the fvst component of the capacitor CO voltage vco, ql) is the phase angle between the voltage vco(ll and the PT current i, flowing through R,-C-L,.
Next we reflect this equivalent network to the primary The waveform coefficient hl) and the phase angle qI) of the first harmonics of the PT's output capacitance C, voltage, referred to the instant 9, = 0 are: The voltage transfer function of the rectifier:
CURRENT DOUBLER RECTIFIER
When connected to the output of the PT converter, the CD rectifier, as in the case of the halfway rectifier [5], can operate in overlapping (OM) or non-overlapping mode (NOM) with respect to the diodes' current. Fig. 4 shows the waveforms of the PT current iJn (referred to the s e c o n b side of the PT), and the input current to the rectifier, iin<-) in the OM (Fig. 4a) and NOM (Fig. 4b) .
We assume that the load current IL and the inductors' L,,
Lz currents have negligible ripple and therefore the waveform iin(rrFt) is clamped to the inductors' currents that are half the value of the load current. The difference between currents iJn and iin(m,)is the current of the PT output capacitor Co.
(b) ic, = I,sin9-0.51L
(15)
where s=%t is normalized time referred to the instant 9 , (Fig. 4) . This current charges and discharges the capacitor C, during the time interval h when the capacitor is not shorted through the conducting diodes. In OM (Fig. 4a) , the capacitor current has no step at the instant SI when the preceding overlapping period finishes. At this instant:
where w is defined in Fig. 4 . In NOM (Fig. 4b) iin ( The dependence of h on q is depicted in Fig. 5 . Replacing the real voltage pulses vco by an equivalent sine wave with the same duration h and the same peak Vcak) we define ki), 'P(I) and '+'LNco(pk):
Based on (4), (S), (9) and (25), the equivalent load resistance and capacitance in the OM (Fig. 4a ) are:
In NOM (Fig. 4b) 
h=a:
It follows from this that:
From (28), (30) and (31) we obtain: tan y = 4oC,RL = 4q (32)
From (26) and (29) when h=n, the equivalent resistance and capacitance in the NOM are found to be:
From ( 
where Vin(pk) is the peak input voltage.
The output to peak input voltage transfer ratio k, is:
The efficiency of the PT for both rectifiers is given by [6]:
The ratio of the output power to the power dissipation on PT for the both rectifiers is:
In the case of non-ideal rectifier one should take into account the diodes' losses.
The rectifiers' efficiency is: 1 Yrect = -
,Po
. , Po where PI, is diodes' power losses and P, is output power. approximated by:
The diodes' power losses in both rectifiers are pD = 2(1D(ave)vF + I h ( r m~)~s ) Taking into account the rectifier losses, the overall efficiency will be: Since the efficiency equals ApT/(ApT+I) the maximum of APT corresponds to the point of maximum efficiency. The generic data of Fig. 6 suggest that for any given PT (i.e. a specific APT) the efficiency that can be achieved with a CD rectifier is higher than the one that can be reached with the VD rectifier. The data also show, as expected, that for a given PT, the load RL that corresponds to maximum efficiency, is lower in the CD rectifier than in the VD rectifier. That is, maximum efficiency will he obtained in the VD rectifier at higher voltages than in the CD rectifier. From Fig. 6 one can recognize the borderline between load values that will produce a higher efficiency with a CD rectifier, to the load range that is more compatible to the VD rectifier (from the efficiency point of view). Fig. 7 , built from Fig. 6 , delineates the borderline between the CD and VD regions for different PT's for a range of APT values. This plot can be used as a tool for selecting the rectifier for a given load conditions of a given PT. This figure implies that, for a given PT, one should use a VD rectifier when the load factor (RL/n2 R,) is higher then the dotted line, and CD -when the load factor is lower. The plots (Fig. 6-7 ) are built for mechanical quality factor of PT 4,900.
t was found, however, that APT does not changed significantly when Q,>900.
If the high voltage gain is to he achieved in a given application, it follows from (9), (14) and (23), (34), (35) that VD has higher k,,, than CD, therefore VD is better choice for a given PT. Mechanical quality factor Qm=900.
It is further found in this study that for low load resistances, higher voltage transfer ratios can be obtained when using the CD rather than the VD rectifier (Fig. 8) . This is because the efficiency of CD with low load resistances is higher than the VD. In addition, the diodes' efficiency of CD is higher than VD, because the ratio of Iw,,flq,,,, in the CD is lower than in the VD. vd (calc.) ...... 
V. SIMULATION AND EXPERIMENTAL RESULTS
The experimental transformer was a thickness vibration mode PT (Philips, RT 35x8~2 PXE43-S). The parameters of the simplified electrical equivalent circuit were measured to be: series inductance L=165mH, series capacitance G=lS.lpF, output capacitance C0=5lOpF, loss resistance R,,,=lOSQ, mechanical transfer ratio n=l.
It was assumed that the required output voltage is constant. Figs. 8-10 show the simulation and the experimental results as well as the calculated results according to the model presented here, as a function of the load resistance for the given PT: the output to input voltage transfer ratio (Fig. 8), the ratio of the output power to the power dissipation on PT (Fig. 9 ) and the converter efficiency (Fig. 10) (for the voltage doubler rectifier). In this case the maximum efficiency that was achieved with the experimental PT was approximately 90% (Fig. IO) .
VI. CONCLUSION
This study carries out a comprehensive comparison of two popular rectifiers in PT power converter: a current doubler and a voltage doubler. The advantages and disadvantages of each rectifier configuration were studied resulting in a recommendation of the preferred applications areas for each rectifier in terms of output current and voltage, power handling capability, load resistance etc.
The results of this study are general and are not confined to any particular PT since we apply here generic parameters for the PT and load. The PT is characterized by the normalized parameters: APT, Qm, and n, while the load is expressed in a normalized form as KpT. These fundamental parameters are used to develop the relationship for the maximum voltage transfer function and APT that is the ratio of the output power to the power dissipated by the PT. Since the maximum allowable PT power dissipation is one of the most important design constrains, the value of the parameter Am in any given application will determine what would be the maximum output power of the system. The study shows that a higher maximum overall efficiency can be achieved when applying a current doubler than when a voltage doubler rectifier is used. It is further found in this study that for low load resistances, higher voltage transfer ratios can he obtained when using the CD rather than the VD rectifier whereas for achieving high gain the VD rectifier is much more suitable (Fig. 8) .
In general, the simulations and the experiments confirm the theoretical analysis and were found to be in a good agreement. The discrepancies that are observed in some cases are probably due to experimental error. For example, the larger errors close to the peak of APT in Fig. 9 are explained by the fact that the peak of maximum efficiency also corresponds to the minimum point in the power transfer curve (for a constant input voltage) [6]. Consequently, the relative error due to parasitic effects (such as unaccounted for diodes and inductor losses) is expected to be large.
The analytical methodology developed and applied in this paper and the closed form analytical expressions that were derived, provide generic information on PT converter that apply the CD and VD rectifiers. The analytical expressions that are also summarized in generic graphs, shed some more light on characteristics and advantages and disadvantages of PTs. As such, they could be useful both ways: when selecting a PT for a given application and when designing a PT for a specific system.
